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Abstract
Decisions made during the first stages of the design process can have an impact on the cost,
quality and performance of a product. Variation in assemblies, if not managed correctly during
the design stage, can have a negative impact on the success of the product. This work analyzes
the Daktari CD4+ Cell Counter System's capability of meeting its requirements. A Variation
Simulation Model was employed to anticipate any failure modes caused by manufacturing
variation and to test the robustness of the design. The design was shown to be largely successful
in its ability to deliver function but unexpected failure mechanisms were found. Design
considerations in the system KCs were suggested in order to minimize the effect of variation and
reduce the risk of failure.
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Chapter 1. Introduction
The field of microfluidics has been the subject of several decades of research. As a sub-field of
MEMS/MST (Micro Electromechanical Systems/ Microsystems Technology), microfluidics
promises the integration of various liquid preparation/processing steps along with the sensors
(optical, electronic or otherwise) that enable the complete analysis of samples. These so-called
labs-on-a-chip (LOC) have the potential to revolutionize any application where the analysis or
use of small quantities of fluid is useful. Some of these applications include immunoassays,
pharmaceutical drug discovery, genomics and proteomics, cytology and biotechnology, drug
delivery and surface patterning 0.
Despite this immense potential, till date, the commercial impact of the field has been minimal 0.
This may be attributed to several factors: the absence of commercial needs, low understanding of
fabrication technology and the lack of expertise in microfluidic product industrialization.
However, the situation appears to be changing.
Point-of-care (POC) diagnostics has recently emerged as an ideal market for LOC technology.
Currently, most diagnostic tests are performed in centralized laboratories which account for
around 60% of the 2004 market revenue [2]. Another 30% of the market is commanded by POC
diagnostics but these are almost exclusively for glucose-monitoring. For a number of other
pressing problems such as HIV, TB and malaria, POC solutions are practically non-existent.
Microfluidic technology can make these solutions possible [3].
The size of the problems that these diseases pose can be understood by the sheer number of
people affected by them. HIV affects nearly 33 million people worldwide [4]. TB affects another
9.4 million causing around 1.3 million deaths [5]. Nearly 300-500 million people are infected
with malaria [6]. For all these infectious diseases, POC diagnostics promises to decrease the time
between the first visit to the doctor and the beginning of treatment [7]. In many situations, this
can lead to improved health outcomes. For example, for HIV patients on anti-retroviral therapy
(ART) a key test, called the CD4 count, is used to monitor their immune system [8]. Recent
efforts to scale ART in developing countries quickly highlighted the CD4 test as a significant
bottleneck. POC promises to relieve this problem.
Keeping pace with the growing interest in LOC, is the constantly increasing understanding of
microfluidic fabrication technology. A great deal of work has been done [9-13] to better
understand and optimize these processes. Several organizations (e.g.: Inverness, Abbott Point of
Care, Daktari Diagnostics, Claros, Diagnostics 4 All) are taking advantage of these developments
and are actively involved in the POC equipment field. Thus, there is a growing interest in the
process of microfluidic product industrialization.
As a new entrant in the medical device space, Daktari Diagnostics (hereafter referred to as
Daktari) is currently involved in the process of product industrialization. A number of issues
related to reliable production of their microfluidic product are being addressed during this phase.
Some of these issues are: product tolerance analyses, design for manufacture and assembly
(DFMA) and identification of critical-to-function paths.
In this thesis, the influence of variation from the instrument's assembly has been studied
extensively. The performance of the system can be anticipated by the resulting geometry of the
critical to function features. Statistical models relating these variations on the critical to function
features were constructed. The ultimate goal is trough Variation Simulation Analysis be able to
set tolerances in individual components and make design changes to be able to meet product
requirements.
1.1 The M.Eng. Capstone Project
This thesis is the result of a group project that has been completed as part of the requirements of
the Masters of Engineering in Manufacturing program at the Laboratory for Manufacturing and
Productivity (LMP) at MIT. A team of students approached the research problems collaboratively
and then each team member focused on a different research challenge. Sivesh Selvakumar [14]
focused on blister manufacturing issues. This work focused on instrument manufacturing issues.
Together, the two theses represent the complete analysis of the problem of microfluidic device
tolerance analysis.
1.2 Thesis: Overview
This project has involved studying the manufacturability of the two parts of Daktari's diagnostic
platform, namely, the cartridge and the instrument. This thesis begins with a description of the
company, product and problem statement in Chapter 2. This is followed by a comprehensive
background research of the state-of-the-art in microfluidic fabrication technology and assembly
strategies in Chapter 3 as well of the variation modeling techniques. Chapter 4 presents a Design
Variation Analysis for the instrument in all its critical to function geometries. Chapter 4(i)
describes the process of creating liaison diagrams for the instrument and determining its key
characteristic. These diagrams provide a complete picture of the connections between various
parts and allow a DFA analysis to be performed. Chater 4(ii) models the Datum Flow Chains and
indicates the elements that contribute for variation for each KC. Chapter 4(iii) describe the
Variation Simulation Model on each DFC. Chapter 5 shows and discusses the results of the
Variation Simulation Model. Chapter 6 offers some conclusion and recommendations based on
the results obtained. Chapter 7 suggests the future work to be undertaken to guarantee a full
understanding of the systems and the impact of variation on it.
Chapter 2. Product and Project Overview
2.1 Company Background
Daktari Diagnostics is a medical diagnostic company located in Cambridge, Massachusetts that
utilizes unique technology for various high-impact diagnostic applications. The company has
dedicated its product line to various diagnostic tests that will have a strong positive effect on
global health. Their first product is a point-of-care diagnostic platform for HIV patients. The
product is designed to be easy-to-use, robust and inexpensive - suited to developing countries
where this test is a major bottleneck to effective delivery.
2.2 Product Description
The diagnostic platform that is being designed by Daktari Diagnostics is a CD4 counter that is
necessary for HIV patients. Similar to a glucometer (which provides patients suffering from
diabetes with a value of their blood glucose concentration) ,the CD4 counter provides caregivers
with the white blood cell concentration in an HIV patient's blood. This value indicates the
relative strength of the patient's immune system and can be used to determine the appropriate
dosage and strength of anti-retroviral drugs (ARV). Figure 1 shows the process that goes into a
CD4+ T-Cell count using Daktari's System.
1.Blood is introduced to
disposabe, which is
isered to insrument
2 CD4 cels are captured
cmicaly, witout samp-e
Cartridge
3. CD4 cels are detected and
counted electrochemica ly
without optcs or labels
Instrument
Figure 1: Daktari Diagnostics CD4 Cell Counting Platform
............... 
... ......  . .. . . .. . .
The typical use scenario involves a trained operator carrying the portable 'instrument' and a set of
'cartridges' to remote locations where the test is unavailable in its current form. Using a lancet,
the operator pricks the patient's finger and allows the patient's blood to enter the card at a sample
entry port. The card draws the blood in by means of capillary action. After sufficient blood is
drawn in, the sample entry port is closed using a cap and the card is loaded into the instrument.
The instrument begins driving the blisters in a carefully designed sequence of operations that
prepares the blood sample and then sends it through the assay chamber. The antibodies deposited
on the channel capture the CD4 cells. The cells are then lysed ('lysis' refers to the rupture of a
cell's membrane) in a high-impedance solution. This releases low-impedance cellular contents
into the assay chamber. The difference in impedance at this stage is used to determine the
concentration of cells in the blood [15]. The CD4+ cell concentration value is then displayed
using an LCD display and the test concludes.
The platform consists of two parts: an instrument and several disposable cartridges.
2.2.1 The Cartridge
Each card is a disposable microfluidic device complete with reagents and a sensing mechanism to
measure the concentration of CD4 cells in blood. Figure 2 depicts a prototype of the microfluidic
card with the following 6 parts:
Housig
Lid Moi(an the bak Eectod Foi
Figure 2: The Daktari cartridge - with parts marked
V- ..... ..... ....... .. .......... ........ .  ................. .    ......... .... . ..... ....... ..  ...  .. ...........  . . -
1. Backbone - an injection molded polymer card with microfluidic channels
2. Lidfoil - a transparent polymeric sheet that is bonded to one side of the backbone and
forms the fourth wall of the channels
3. Functionalizedfoil - a polymeric foil that covers the 'assay chamber' where the CD4
cell count is performed. This foil has a gold electrode layer formed on it. It is then coated
with antibody solution, which is used to immobilize the target CD4 cells.
4. Blister pack - similar to a pharmaceutical blister pack, this part contains the liquid
reagents that are necessary for sample preparation
5. Housing - an injection molded polymer part that protects the blister pack and
functionalized foil during transport
6. Cap - plastic part that covers the sample entry port after blood is introduced into the
cartridge
2.2.2 The Instrument
The instrument (shown in figure 3) is designed to be portable, battery-powered and electronically
controlled. It contains linear actuators to 'pop' the blisters and flow reagent through the
cartridge's channels. The instrument also has suitable electronic interfaces, which connect to the
cartridge and measure the impedance within the assay chamber. This impedance measurement is
used to determine the final level of CD4 cells within the device. In addition, the electronics
necessary to drive the actuators, calculate the CD4 count and output this value to the LCD display
are also present. The instrument is both the driver of the reagents and the user interface medium
between the system and the user. In order to accomplish all these functions, the proper integration
of the following subassemblies must be accomplished.
1. Frame - the main structural component of the instrument. It locates the different
subassemblies.
2. Door Subassembly - holds the cartridge in place and guarantees planarity between the
cartridge and theframe.
3. Actuator Subassembly - carries the actuators and ensures perpendicularity between these
and the frame.
4. Solenoid Subassembly - supports the valve solenoids and ensures perpendicularity
between the solenoids and theframe.
5. Outer Casing - provides both aesthetics and protection from impacts and dust.
Handle for holding the device
Door for nedgCzx
Actuatam and Solenoids
Figure 3: The Daktari instrument - with parts marked
2.2.3 Product Timeline
Table 1 below depicts the high-level view of the product development timeline for Daktari. It
involves the development of two prototypes (gamma and alpha) that will be used to solve various
anticipated issues. The final one i.e. beta will be the first production-level product. This thesis
focusses on issues related largely to the alpha and beta stages.
Table 1: Product Development timeline
Purpose
Production Quantities of:
a) Cartridges
h) Instruments
Proof-of-
concept for
investors
Run clinical
trials and
establish the
reliability and
repeatability
of the test
First
production
product
350,000 (per year)
150 (approx.)
. ...... ..........
1000s
10s
2.3 Problem Statement
As Daktari moves from prototype to production i.e alpha to beta, a number of issues will need to
be addressed in order to ensure reliable, cost-effective production. Typically, the effect of
manufacturing variation on the functionality of the proposed design must be understood. With
this knowledge, a range of design parameters may be optimized leading to a more robust design.
In some situations a conflict between design requirements and inherent manufacturing limitations
may arise. In this case, suitable quality control strategies must be provided.
All of these activities -both experimental and analytical - are commonly grouped together under
the umbrella term 'product industrialization'. The absence of such a step often leads to bad
designs which, when put into production, lead to poor quality, wasteful processes, high
production cost and long lead times. Thus, it becomes important to understand that a good
product is one that not only performs its intended function when 'perfect' but is also easy to
manufacture, easy to assemble and, hence, economical to produce.
The aim of this M.Eng. project is to analyze and propose solutions for issues related to the
mechanical robustness of the Daktari system. Accordingly, a survey was first done to list all
issues that will require attention en route to mass production.
2.3.1 Survey of Manufacturing Issues
The Daktari POC system uses a number of components that have not been used extensively
previously and so several areas require further study:
a. The Electrode Foil Manufacturing process
The electrode foils on the cartridge are critical to the sensing process of the LOC system. The
impedance measurements are made possible using these foils and form the basis of the assay
itself. Preliminary studies indicate that repeatability of this measurement can be strongly related
to the exact electrode configuration and manufacturing defects. Further study is required to
understand this phenomenon and ensure repeatability.
b. Functionalization process
The functionalization process refers to the process of depositing antibody solution on the
electrode foil (see Section 3.4.2 for detailed description). This process is again critical to the
success of the assay because improperly coated antibody can result in several problems:
" Improper bonding between the electrode foil and the backbone leading to leaks
" Variability in the number of CD4+ cells captured by the system leading to low repeatability
in results
c. Injection Molding of the Backbone
The injection molding process of microfluidic devices often requires very large normalization
times - the time required for the plastic to reach its final dimensions - in the order of days. Any
downstream processing that affects the normalization process or requires the dimensions that are
affected by it cannot be performed until the normalization is complete. This results in long lead
times which could be a potential issue in manufacturing. (resulting in large inventories and
associated storage costs)
Although, this issue could have a large impact on the manufacturing cost of the final product,
currently it does not seem to be critical to the product functionality.
d. Robustness of Instrument- Cartridge Interactions
i) Blister - Actuator Interaction
The interaction between the blister and the actuator produces the required flow in the final device.
Precise movement of a precision-machined actuator ensures controlled flow. However, the
amount of control obtained based on current design specifications and manufacturing variation is
unknown and should be studied to confirm flow rate tolerances.
ii) Valve - Solenoid Interaction
The valve and the solenoid together ensure control over the direction of fluid flow within the
cartridge. This is important as leaking valves (valves that are open when they ought to be closed)
and 'sticky' valves (valves that are closed when they ought to be open) can seriously affect assay
performance. A tolerance analysis of this step should be performed to determine the effect of
misalignment.
iii) Vent hole - Puncture Pin Alignment
The vent hole is a weak portion of the backbone that is designed to be opened by a pin in the
instrument. This is necessary to open the system to the environment allowing fluids to be run
through without causing air compression. Failure to open the vent hole can be critical to product
success as it may become nearly impossible for the actuators to pump fluid through the system.
iv) Electrode Gold Pads - Electric Connector Interface
The electrical connection between the electrode foil and the instrument is critical to the reading
the results of the assay. A failed connection will prevent impedance measurements from being
taken. However, this connection also has much tolerance built into it and it is not believed that it
will cause much problem.
2.3.2 Selection of Subset of Problems
Table 2 displays a list of the above issues along with a note about their importance (for product
function) and likelihood of occurrence. From this list, issues related mainly to the mechanical
robustness of the device were selected. These were all the issues under 'd'.
It was proposed that a detailed tolerance analysis of the entire system should be performed to
determine the overall stack-up of manufacturing variation on the various interfaces. In addition,
the influence of this variation on the performance of the interfaces would be studied to determine
their effect.
In particular, greater focus was to be placed on the blister-actuator interface. A numerical model
relating blister performance to the dimensional variations was developed in Selvakumar [14] and
that model was used in conjunction with the tolerance analysis of the entire system developed by
in this work. This thesis also performed the tolerance analysis for the remaining interfaces. This
study would lead to a better understanding of the interfaces and permit the suggestion of suitable
solutions for optimizing the designs.
Table 2: List of Potential Issues during Ramp-up
Issue Importance for Likelihood of
Product Function Occurrence
a. Electrode Foil Manufacturing High High
b. Functionalization High High
c. Injection Molding of backbone Low Low
d. Robustness of Interactions
i) blister-actuator Medium Medium
ii) valve-solenoid Medium Medium
iii) vent hole -puncture pin High Low
iv) electrode contact patch High Low
- instrument contact pins
Chapter 3. Background Research
3.1 Microfluidic Device Architecture
The architecture of microfluidic devices is similar to that of Printed Circuit Boards (PCB). These
devices are formed by different layers each carrying a specific function. The typical arrangement
is one or more central layers (backbone) where open micro channels are formed (usually with 2.5
D features) and one or two external layers to close the channels. Additionally external
connections, valves, pumps and sensors could be added. Figure 4 shows an illustration of a LOC
and its components.
Additional Component
Central Layer
External Layer
Figure 4. Microfluidic Device Architecture
3.1.1 Central Layer
This layer is often the functional part. All the features, such as microchannels, mixers, reservoirs
and other components are formed in this layer. Its complexity varies from a simple piping system
to a complex set of mechanisms.
.....  .... ................. ...................     .... .. ............ ... ................... . .... . .. . .... . .. . .... . .. . .... .  ...........   ......... - . . .
3.1.2 External Layer
Its purpose is usually to close the channels and features on the central layer. Additionally
functionality is often added to this layer such as PCB, sensor and inputs and outputs to other
systems.
3.1.3 Additional Components
We can roughly divide these on features for External Flow Control, for Internal Flow Control and
for Sensing.
External Flow Control mechanisms are added to provide an external mean to deliver reagents into
the Lab On a Chip (LOC). Several technologies have been developed for this purpose. Just to
mention a few the use of external reservoirs that where the column of liquids drives the fluids,
actuators pushing on to blisters, external valve systems and syringe pumps.
Internal Flow Control components fulfill the same purpose as those placed externally. These
features include peristaltic or pressure driven pumps, valves, mixers, separators, reactors, etc.
Sensing components are often put into place on the external layers of the device. The most
commonly used sensing mechanism are to measure pressure and thermal or electrical properties
of the fluids. Additionally lot of work has been done on optical sensing systems for microfluidics.
3.2 Lab on a Chip Applications
An extensive survey was done by Korb[ 1] on the different potential applications of
microfluidics. These applications can be grouped as follows: assays, drug discovery, genomics
and proteonomics, cytology and biotechnology, drug delivery and surface patterning.
And important characteristic of microfluidics is that its applications seem to be almost completely
restricted to field of biochemistry.
The CD4+ Card falls into cytology and assay category. An assay in it most general definition is
an analysis to determine the presence or concentration of a substance. Cytology on the other hand
is process in which cells are sorted and only the ones of interested are selected. For example, the
purpose of Daktari's microfluidic device is to perform an assay on a fixed volume of blood and
determine the concentration of CD4+ cells.
3.2.1 CD4+ Cell counting through cell lysate impedance spectroscopy
Cell counting through cell lysate impedance spectroscopy is the technique used by Daktari in its
CD4+ Cell Counter System. In this method (see Error! Reference source not found.), cells are
first immobilized by the use of cell affinity chromatography [16]. Then, the cells are lysed, and a
drop in impedance is produced due to the different electrical properties of the cellular contents.
The change in impedance is measured using the electrode foil. It is converted to a change in
conductance. The magnitude of this change increases linearly with the number of immobilized
cells [15]. These methods showed a close correlation between the CD4 cell counts when
comparing the microfluidic device and flow cytometry [17].
Y
Y
YY4
Y Antibody Red Blood Cell3
C
CD4+ Cell
Figure 5. Assay Process Diagram. (A) Blood is ran through the assay chamber and CD4+ cells are captured. (B)
Red blood cells are washed. (C) CD4+ cells are lysed and difference on impedance is measured.
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3.3 Lab On a Chip Technologies
To perform any particular goal, it being inmunoassays or genome sequencing, several proven
technologies are available at hand that provide the engineer or researcher as set of tools or
components to achieve that goal. Among them we have microfilters, microneedles, micromixers,
microreactors, microdispensers and microseparators. Nguyen [18] provides a very good
description of these technologies and its applications in life sciences.
Microfilters are uses for either filtration or collection. On the first, the substance of interest is a
fluid contaminated with particles. On the second, the substances of interest are the particles
themselves. Both of these functions are achieved through the use of membranes or gaps built into
the microfluidic piping system.
Microneedles are used for drug delivery, cell manipulation and interconnection of between micro
and macrofluidic systems. Microneedles take use of the microfluidic manufacturing techniques to
create micron level devices that greatly increase their functionality.
Micromixers combine two or more reagents to make a reaction possible. The advantage of this
technology is achieving these reactions with a efficient use of reagents. The key diference
between macro and micro scale is that on the first, mixing is achieved by turbulence, while on the
second is achieve trough diffusion, due to the low Reynolds's number.
Microreactors provide the same goals as their macroscopic counter parts, but with several
advantages. The reactions are easier to control thus, reducing the danger of an explosion or fire.
Additionally if dangerous substances are released, these are easily contained. They offer a cost
advantage both on its manufacturing and in their operation. They are ease to scale from laboratory
to commercial applications. Finally they offer small thermal inertia, high gradients, uniform
temperature, short residence time and high surface to volume ratio.
Microdispensers provide precise reagent delivery. These can be seen as microscopic injectors,
pipettes or dosing systems.
Microseparators provide substance or particle separation. Microfilters can be considered as a
category of microseparator that discriminates by particle size and geometry. Microseparators take
advantage of difference on weight, electrical, magnetic or thermal properties.
3.4 Lab On a Chip Manufacturing Processes.
Each of the parts of the microfluidic device architecture can be produced using a multitude of
processes. In the literature, most attention has been given to the central layer manufacturing
process because all the functional features are often built into this layer.
Additionally, and equally important, are the processes for assembly of the several layers. These
processes involve alignment, placement and binding.
The materials in which the devices are made greatly influence the process in which it is
constructed. The most common material used for LOCs are glass, polydimethylsiloxane (PDMS)
and polymethylmethacrylate (PMMA). Glass and PDMS are commonly used in laboratories since
fast and precise prototyping techniques exist that allow researchers to iterate rapidly between
different designs. Many of the techniques used in the semiconductor industry are borrowed to
achieve nano-scale features. Also, many components of LOCs (e.g.: some kinds of valves and
pumps) are only achievable on PDMS since they take advantage of the material's elastic
properties.
PMMA presents bigger difficulties for prototyping. Tooling fabrication is required, thus
increasing the turnaround time. Nevertheless, since the 2000s there has been a growing consensus
on the use of polymeric materials for microfluidic commercial applications [12]. Attia et al [13]
performed a useful comparison between the different materials used on microfluidic devices.
3.4.1 Part Manufacturing
Korb[ 1] also performed a detailed survey on the processes currently in use and their advantages
and drawbacks. There are two methods that were considered for this work due to their high
throughput capacity: injection molding and micro embossing.
Korb 0 also performed a detailed survey on the manufacturing processes currently in use and
their advantages and drawbacks. For central layer manufacturing, two methods were considered
for this work due to their high throughput - injection molding and micro embossing. For external
layer manufacturing, typical processes include rolling, molding and extrusion of thermoplastics.
Injection molding is a well-known manufacturing method that can be used to produce complex
forms out of thermoplastics. There have been successful attempts to replicate square features with
a width of 310 nm and depth of 220 nm [19]. It is highly suited to large scale manufacturing due
to its dimensional control, short cycle times and high throughput. The challenge of bringing this
technique to the micro scale lies in tooling construction. To the author's knowledge, injection
molded microfluidic parts have been limited to having 2.5 D features.
Micro-embossing involves raising the temperature of a blank polymer piece beyond its
crystallization point followed by pressure to transfer features from a tool to the blank. The
process has been shown to allow nanometer scale features [12] with high accuracy and precision.
Its primary advantage over injection molding is in lower tooling costs and potentially lower cycle
time. However, the process is limited in the complexity of features that can be created. Also,
when an embossed part is subjected to high temperatures in subsequent operations (such as
thermal bonding) the surface stresses tend to relax leading to a softening of the features.
Overall, the use of injection molding appears to be preferred to the greater flexibility and the
fewer manufacturing steps.
3.4.2 Functionalization Process
Functionalization refers to the deposition of antibody on one or more parts of the product. The
process is not well-understood and successful applications tend to be based on empirical
experience rather than an actual understanding of the phenomena that take place.
Antibodies can be deposited onto solid phases by three different mechanisms [20]:
1. Adsorption to hydrophobic surfaces
2. Covalent attachment to activated surface groups
3. Non-covalent, electrostatic and hydrophilic bonds by either of the before mentioned.
It is a requirement for Daktari that the antibody be deposited in a specific area of the electrode
foil. Currently, this is accomplished using a masking process. The mask is placed on the electrode
and the open cavities in the mask are filled with antibody solution. After a certain amount of time
(termed 'incubation' time), the antibody solution is removed and the foil is allowed to dry. This
multi-step process is illustrated in figure 6. Often, the antibody layer must be stabilized using a
sugar layer as well.
1. Electrode Foil is covered with a mask
2. Antibody solution is added
3. Antibody is attached to Foil substrate
4. Excess solution is removed
5. Sugar solution is added
6. Sugar solution is dried
7. Mask is then removed
Foil
mask
Figure 6. Functionalization Process
3.5 Assembly Buildup Modeling
This section intends to give a brief overview of the mathematical models and definitions used in
this work. The methodology used is explained in depth by Whitney [21]. A great deal of research
is dedicated to the understanding of assemblies. It seems surprising that, despite one of the oldest
manufacturing processes, assembly is still not well understood.
3.5.1 Degrees of Freedom
In mechanics the Degrees ofFreedom (DOF) are a set of translations and rotations that fully
define a body or a frame in a three dimensional space. If we describe space as a three
dimensional Cartesian coordinate system we have three DoF that describe a body's movement
along the x, y and z axis and three more that describe rotations around those axis.
... ...... . ..... ......
3.5.2 Statistical Process Control
Statistical Process Control (SPC) is the use of statistical tools to monitor and control a process
and maximize the number of conforming products while minimizing waste. SPC is only
applicable when the process outputs are economically measurable.
3.5.3 Key Characteristics and Datum Flow Chains
Thornton [22] presents a very useful definition for a Key Characteristic (KC):
"Key characteristics are the measurable design variables that directly affect the performance of a
system/subsystem"
It is very important to understand that the influence a certain feature has on product performance,
cost or quality is not enough to establish its role as a KC. The KC must be measurable, and
measurable in a way that the techniques of SPC can be applied.
Engineering a product requires three design stages: Nominal design, in which all the ideal
dimensions are established in order to deliver a KC. Variation design, being how much variation
around the nominal dimension can be tolerated and still deliver the KC. Process design, where the
appropriate manufacturing processes with a variability that will meet the variation requirements.
A Datum Flow Chain (DFC) is a graphical representation of an assembly, in which nodes
represent parts and arcs represent relationships. It shows the designers intent on how parts will be
located in space in all six DoF. Each KC has a DFC associated with it. Variation in parts then
travels through the DFC and stack to determine what the overall variation for the KC will be.
3.5.4 Mathematical Models for Assemblies
The 4 x 4 Transformation Matrix represents an object's position and orientation in relation to
another object. In other words the transformation matrix represents the location and orientation of
a coordinate frame. Its mathematical form is presented in Eq. 3.1:
TAB = [ p] Eq. 3.1
where R is a 3 x 3 rotation matrix relating the orientation of the described frame with respect to
the reference frame as is shown in Eq. 3.2. p is a 3 x 1 vector that represents the location of the
origin of the new frame of reference (Eq. 3.3).
1l1 rl12 rl13
R = r2 1  r2 2  r2 3  Eq. 3.2
r31 r32  r33
p = y Eq. 3.3
The transformation matrix is central to the description of the DFC for each KC. It allows the
seamless movement of reference from one part in an assembly to another while allowing for
variation in dimensions to be included.
3.6 Monte Carlo Analysis
Monte Carlo simulations are a technique for determining the parameters of an actual population
by taking random samples from a pseudo-population and then calculating statistics using that
sample. It involves the two steps of actually creating a pseudo-population of interest and then
sampling from this population so that various statistics may be calculated.
The Monte Carlo technique is widely used in situations where the behavior of the statistic does
not lend itself to straightforward analytical evaluation. In such cases, Monte Carlo analysis can
simulate the required sampling distributions allowing inferences to be made.
The basic steps involved in Monte Carlo analysis are as follows [23]:
1. The creation of a pseudo-population (usually a mathematical algorithm or model)
2. Sampling from the pseudo-population in a manner consistent with the real process
3. Calculate the value of the statistic from the sample
4. Repeat 1, 2 and 3 for 'n' trials
5. Plot a frequency distribution of the statistic which can then be used for inference
This technique has been used in several studies [24-27] regarding manufacturability and tolerance
analysis because of the complex nature of the interactions. In this thesis, Monte Carlo simulations
are used to determine the effect of random variations in dimensions on the flow rate of reagents
delivered by the blister packs.
Chapter 4. Design Analysis Tool Development
The goal of this analysis was to define the geometrical metrics that describe the performance of
the system. These metrics are the Key Characteristics described in Section 3.5.3 A full liaison
model is shown in figure 7 depicting the system architecture. This model served as a starting
point to identify what elements delivered the KCs and what elements were part of the Datum
Flow Chains. A Variation Simulation Model (VSM) was then created to simulate part
manufacturing and assembly.
4.1 Systems KCs
The ultimate goal of the system is to perform an accurate CD4+ cell count. To achieve this, the
mechanical components of the systems have to perform the following functions:
1. Puncture the vent seal in order to allow reagent flow throughout the cartridge: The vent
seal is an intentional weak spot on the backbone at one end of the microfluidic waste
channel. The perforation of the seal is accomplished by a sharp pin placed on the door
frame. When the cartridge is inserted in the door and closed, the pin interferes with that
weak spot causing it to break.
2. Push reagents from blister at a desired flow rate: Using actuators installed in the
instrument, fluid can be pumped out of the blister packs.
3. Direct reagent flow through the cartridge: Control of the flow direction is achieved by the
piping system built into the backbone and by the use of valves. These valves are actuated
by solenoids that open and close valves.
4. Measure electrical impedance of the assay solution: The assay chamber wall is a plastic
foil with an electronic circuit capable of passing current through the solution. The
electronic circuit is connected to the instrument through a series of gold plated pads.
For each function, we can identify a KC. The Full Liaison Diagram (figure 7), shows that all
these KCs are achieved through the cartridge-instrument interactions, depicted with red liaisons.
We can say that the KCs involved in delivering the functions will be: Puncture Pin - Vent Seal,
Actuator - Blister, Valve Solenoid Tip - Valve Seat and Electric Connector - Gold Plated Pads.
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4.1.1 Puncture Pin - Vent Seal KC
This first KC delivers the proper puncturing of the seal. This KC is interesting because it is
binary. By this, we mean if the final variation is within tolerance, then the function of these parts
will be perfectly delivered. On the other hand, if the total variation is outside the tolerance
window then the Puncture Pin will miss the Vent Seal and an opening will not be produced,
leading to flow problems.
The diameter of the waste vent is of 2mm. The tolerances requirements then will be to have the
Puncture Pin's tip within 1 mm of the Vent Seal's center in the XY plane and within 2 mm on the
Z axis measured from the backbone's surface. See figure 8.
BACKBONE
VENT SEA L
PUNCTUREPIN
Figure 8. Puncture Pin - Vent Seal KC
4.1.2 Actuator - Blister KC
The blister pack is the part of the cartridge whose purpose is to store the liquid reagents that are
used for the assay. It is similar to a blister pack that is used to store pharmaceutical
tablets/capsules and is manufactured using a similar cold forming process. Figure 9 shows the
blister pack in action. An actuator is allowed to push down on the blister until the seal breaks.
Further movement causes the liquid reagent to flow into the micro-channels on the backbone.
Controlled actuation should enable a constant flow rate through the micro-channels. The
constancy of thisflow rate is an important performance measure for the device.
Z; m: - ::::=  - . .. _ F_ -- - - - ............... ................... ........   .. ..
For the current applications, a tolerance of +/- 20% on the flow rate is acceptable (i.e. for a
nominal flow of 20pL/min flow rate between 16 and 24pL/min is acceptable). In order to
maintain this constant flow rate, the speed of the actuator is decreased as it moves down, in order
to compensate for the increase in cross-sectional area (Since, volume flow rate = linear velocity *
cross-sectional area).
ACTUATOR
1. The actuator begins
at the 'home' position
5. The actuator
continues to move
downwards forcing
reagent out of the
blister
2. The actuator moves
down towards the
blister with reagent
(shown in blue)
6. As the actuator
moves down, it slows
down maintaining the
same flow rate
3. The actuator comes
into contact with the
bliter
4. The actuator moves
down apprximatzely
2.5mm to break the
blister seal (in red)
7. The actuator stops
moving when 180
micro liters of reagent
flow out
Figure 9. Blister actuation process
The Actuator to Blister KC is essential for pumping reagent at a desired flow rate. It was shown
by Selvakumar [14] that any location or orientation mismatch between the zenith of the blister
and the actuator tip has a strong effect. This KC has a non linear behavior and misalignments in
different DOFs have a different influence. Selvakumar[ 14] also determined that a 1 mm
difference in the Z axis could have an effect of shifting the desired flow rate by as much as 10%
of the target value. This KC is shown in figure 10.
.... .. . ....................................... ... .. . .................. .. .....
Figure 10. Actuator - Blister KC
4.1.3 Valve Solenoid Tip - Valve Seat KC
The XY alignment of the valve solenoid tip with the valve seat is vital to guarantee proper sealing
when the valve is closed. The Z axis will not be a key factor since it is only necessary that the
solenoid tip reaches the valve seat. This KC is likely to possess a threshold effect since it will
always perform to perfection when the total variation of the tip falls within the tolerance bands.
See figure 11.
BACKBONE
VALVE SEAT
SOLENOID TIP
Figure 11. Valve Solenoid Tip - Valve Seat KC
The valve seat has a diameter of 2.8mm with an entry hole 0.8 mm in diameter. The solenoid tip
is 4mm in diameter. It was assumed that the valve will seal if the center of the tip falls within a
circle 2mm in diameter in the XY plane. Given the travel of the tip along the Z axis, a
requirement in this direction does not seem necessary. The influence of angular misalignment has
not been determined.
4.1.4 Electric Connector - Gold Plated Pads KC
This last KC allows the impedance measurements of the assay. For the KC to deliver its function
it is only necessary to establish contact between the Electric Connector pins and the Gold Plated
Pads. Like before, this KC is binary in a way that as long the tolerances are met, it will have a
perfect performance. This is to say that as long as the KG total variation is within the tolerance
threshold, regardless of where, it will delivers its function. In figure 12 the variation on the KG is
illustrated.
ELECTRODE PADS
ELECTRONIC CONNECTOR
Figure 12. Electric Connector - Electrode Pads. Vector V shows the Transform Tcn~on
The pads are a rectangle 6.3 x 2 mm and the pins have a compliance of 1.5 mm. A requirement of
+/- 1 mmn in X, +/- 3.15 mm in Y and +/- 0.5mm in Z was assumed.
.... .. . ... ...... ....... ... - ........... ....   .. . .................... ...........
4.2 Datum Flow Chains
After the KCs had been established, the step that followed the analysis was to build the DFCs for
each KC. To do this careful analysis between mates and contacts was done. Parts were then
placed in relation to the others and liaison diagrams were created. This diagrams contained arc
information indicating which DOF were constrained by the mates between linked parts.
The placement of the cartridge in space is shared by all the DFCs. The locating process of the
cartridge starts with two Locating Pins on the Door Frame. These features mate with a hole and a
slot on the cartridge and locate it in the XY plane and rotations around Z. The DFC continues
through the Door Hinge. The rotation around X is set by the Door Hinge and the Latch. The Z
coordinate is found by a combination of the XY position and the rotation around X. This fully
constrains the cartridge in space. The rest of each chain is achieved on one side by moving
through the Backbone to the rest of the cartridge's components. On the other side, the DFC is
completed by locating the parts through the Door Frame.
4.2.1 Puncture Pin - Vent Seal DFC
Once the cartridge has been located, the rest of the DFC is formed by locating the Seal Vent from
the hole and slot feature through the Backbone. Figure 13 shows this DFC.
4.2.2 Actuator - Blister KC
On the cartridge side, the Blister is located through the Backbone. On the instrument side, the
DFC goes through the Door Frame to the Actuator Plate. This is located in the XY plane and in
rotations around Z by a hole and a slot feature mate. The rest of the DOF are constrained by the
flat surface mate accomplished and held in place by four screws. This plate has an XY locating
feature that locates the Motor. From here all the XY locations are accomplished by simple
features until the tip of the actuator is reached. At this level rotations around Z have no effect on
the KC. Refer to figure 14 for further details.
4.2.3 Valve Solenoid Tip - Valve Seat DFC
As before, the Door Frame locates the Solenoid Support. This piece locates the Solenoid Coil in
the XY plane. The DFC continues through the solenoid until the Shaft Tip is reached. As before
rotation around Z has no effect on the KC. On the cartridge the Vent Seal is located through the
Backbone from the hole and the slot feature. This DFC is shown in figure 15.
4.1.4 Electric Connector - Gold Plated Pads KC
The DFC on the cartridge side locates the Electrode Foil through the Backbone from the hole and
slot feature. In this case, the rest of the DFC does not branch out of the Door Frame, but instead it
branches out from the Door Hinge. The Connector is placed in the Impedance PCB which is
positioned by the Door Body. See figure 16 for the DFC diagram.
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4.3 Variability Stack Up and Monte Carlo Simulation
After the DFCs were built, mathematical models representing the parts and their mating features
were constructed using 4 x 4 transform matrices. Variation was introduced into the part mating
faces and features and a simulation of assembly was done and the overall distortion of the KC
was measured. This was done 10,000 times to build a histogram that allow us to see what was the
likelihood of having systems out of spec.
4.3.1 Model Assumptions and limitations
The following assumptions were made in the simulations:
1. All the parts are considered rigid bodies
2. The parts are assumed to come from a normally distributed process with a mean equal to
the nominal value of the features and a standard deviation equal to one third of the
allowed tolerance for that feature.
3. All tolerances used in the model are from the standard DIN ISO 2768.
4. All features are considered to perfectly constrain 6 DOFs.
5. Only two kinds of mating features were considered: A perfect square slot that mates with
a perfect square peg, and a hole and a slot feature that mates with two pegs. All meting
features were transform into one or the other.
6. Variation in the size of the features leading to loose fits or interferences are not
considered.
4.3.2 Variation Transformation Matrices
The model used is based on four types of transformation matrices:
" A transformation from frame A to frame B, denoted as TAB.
* A variation transformation on XY, denoted as DT,.
* A transformation that combine features into a compound feature, Tc.
* A variation transformation that adds variation to the face. This is to say, it adds
dimensional variation that moves the XY plane along Z and rotates the plane around X
and Y denoted as DTr.
XY position variation transformation
This transformation adds some translation variation on the point in space where the feature frame
of reference was located. To induce variation in part features Eq 4.1 was used.
TOAt = TOA * DTt Eq. 4.1
Where
TOA = 0
-0
D Tt = 00
.0
Ax-
A,
Az
1 .1
dx]
dy
0
1
Eq. 4.1a
Eq. 4.1b
Figure 17 shows a graphical representation of this transformation.
Figure 17. Graphical Representation of Variation in a Feature Transformation
Compound Feature Transformation
Mates between faces are always done from a single frame of reference to another single frame of
reference. When mates involve more than one feature, they need to be combined into one.
Therefore, consideration of translation each of those features is required. In the case of a hole and
..............................................................  
.... .Is m dm
a slot, different translations lead to rotations in the mating or compound frame of reference. To
compound features the Eq. 4.2 was used.
TOAC = TOA * Tc Eq. 4.2
Where
cos 6
[0
sin6
c 0
-sin 6
cos 6
0
0
cos 6 = B - Ax
0 Bx - Ax"
o By-Ay 
1 0
0 1 .
- (By - Ay)
sin0 = - (Bx- Ax)2 - (By - Ay) 2
Eq. 4.2a
Eq. 4.2b
Eq. 4.2c
The graphical representation of these transformations is shown on figure 18.
TAB
Tos
Figure 18. Graphical representation of the compound feature procedure
Face variation transformation
The mating frames of reference are located in one of each part's faces. These features mate to the
other part through a mating frame of reference on one of the faces of the second part. Variation in
those faces is important to consider, both in the displacement of those faces along their normal
...........................
axis i.e. making parts thicker or thinner, and rotations of those planes around X and Y axis, i.e.
tilting . To generate variation in a frame of reference in a face the Eq. 4.3 was used.
TOA, = TOA * DTr
Where
DTr =
.0
0
1
6
0
66y
10x
0
Eq. 4.3
Eq. 4.3a
0
01
dz
1]-
For these rotations, the standard deviation of 56 chosen was equal to 2/3 *TIL, where T, is the
surface's tolerance and L is the surface's dimension. A graphical representation of this transform
is shown in figure 19.
Figure 19. Graphical representation of Face Variation Transformation
4.3.3. Model Construction
The instrument's design resulted in closed loop DFCs. i.e. Parts are located through different
DFCs simultaneously. So, a numerical tool was created to take coordinates and directions of the
frames of references involved in a DFC and produce the total KC variation. The algorithm
designed to perform these calculations are illustrated in figure 20 and figure 21.
. .... .....
Figure 20. DFC build-up Algorithm. Closes the DFC loop and shows the total KC variation.
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Combines feature Into
Compound Feature
Add Z and rot(X) and
rot(Y) variation to face
Transform reference
frame from the first face
to the last.
Figure 21. Individual DFC calculation
5. Results and Discussion
Using the Variation Simulation Model (VSM) previously described, a run with N equal to 10,000
assemblies was performed. The effect of variation on each individual KC was compared with its
respective requirements and the percentage of out-of-spec systems was estimated. Table 3
summarizes the requirements.
Table 3. Requirement Summary
X Y Z Radial
Waste Vent N/A N/A +/- 0.9 mm 0.5 mm
Puncturing Pin
Blister to Actuator To be determined To be determined To be determined To be determined
by Selvakumar by Selvakumar by Selvakumar by Selvakumar
[14] [14] [14] [14]
Valve Seat to N/A N/A N/A 2 mm
Solenoid Tip
Electrode Pads to +/- 1 mm +/- 3.15 mm +/- 0.5 N/A
Electrical
Connector
5.1 Puncture Pin - Vent Seal KC
The VSM results for the Waste Vent to Puncture Seal KC are shown below. Table 4 and Figure
22 show the values associated with this KC in X , Y and Z coordinates.
Table 4. Puncture Pin to Waste Vent KC distribution data. Values in mm
Mean Std Dev Kurtosis Skewness
X 0 0.1727 2.9104 0.0199
Y 0 0.1531 2.7728 0.0101
Z 0.25 0.5011 2.8717 -0.0116
It is expected for the X and Y coordinates to have a 0 mean. The expected value for Z is equal to
0.25mm only because the KC's nominal dimension on Z is equal to 0.25 mm. Figure XX also
shows 10,000 assemblies histogram of the KC's X and Y coordinates.
3W 1 1 1 1 3, t I
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Figure 22. Left: X coordinate distribution. Right: Y coordinate distribution. Values in mm
The R distribution (radial distribution) mean is equal to 0.2058 mm with a standard deviation of
0.1045 mm, where R is the norm of the (X,Y) vector, i. e. R = VX2 + Y2.
Figure 23 show the R and Z values. On the other hand, the R variation has a Chi-square
distribution. As can be seen, the variation output of the X,Y and Z coordinates is normally
distributed. The reason why the most likely value for R is not 0 even though that X and Y
distributions can be attributed to the fact that it is not likely to have 0 deviation, meaning there
will be a likelihood to have some deviation either in Y, X or both. The most likely value for R
then is 0.2058 mm.
It is important to note that the R value is more relevant than X and Y coordinates. As shown on
the Figure 23, this feature is axisymetrical, thus the overall misalignment is what is relevant.
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Figure 23. Left shows Z Coordinate distribution. Right shows R distribution. Values in mm
Figure 24 shows a 2 dimensional distribution of the Puncturing Pin tip on the Waste Vent, having
its top center at (0,0,0).
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Figure 24. Puncturing Pin in relation with the Waste Vent. Left shows the XZ plane. Right shows the XY Plane
This result show only a one dimensional feature instead of a three dimensional object. If the
shape of the tip is not designed to meet these constraints there is the likelihood of interference -
resulting in over-constraint in the cartridge. If the tip is a cone with a height of 1.75 mm and a
........................................... . .. .... ...... ...... ... ............
base diameter of 2 mm there is a probability of 16.6% that a system will be produced that will
interfere with the lid foil or not puncture at all. This doesn't take into account the probability of
having the tip interfering with backbone. This high percent of rejections could be a caused be a
fragile design. The KC's Z coordinate is determined by a long DFC (greater than 6 parts) leading
to a high dimensional variability.
If interference occurs between the lid foil and the Puncturing Pin there is the possibility of
creating a leak. Interference with the backbone would over-constrain the cartridge, potentially
leading to locating pin wear or cartridge distortion.
5.2 Actuator - Blister KC
The VSM results on the Blister to Actuator KC are shown below. Table 5 and Figure 25 and 26
show the values associated with this KC in X, Y and Z coordinates.
Table 5. Blister to Actuator KC distribution data. Values in mm
Again, it is expected for the X and Y coordinates to have a 0 mean. The expected value for Z is
equal to -14.25 mm which comes from the KC's nominal dimension in Z. Figure 26 also shows a
10,000 assemblies histogram for the KC after shimming. This model assumed that the shims were
precise and that no measuring error took place at the moment of the shim selections. The shims
are available in any size with 0.05mm incrementals.
Mean Std Dev Kurtosis Skewness
X 0 0.2251 2.9722 -0.0073
Y 0 0.2250 2.9558 .0.0208
Z -14.25 0.5046 2.9681 -0.0490
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Figure 25. Left shows X coordinate distribution. Right shows Y coordinate distribution. Values in mm
As it can be seen X,Y and Z dimensional variation have a normal distribution.
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Figure 26. Left shows Z Coordinate distribution before shimming. Right shows Z distribution after shimming.
Values in mm
As before, the Z dimension has a high standard deviation. The reason are the same mentioned for
the Waste Vent to Puncture Pin KC, with the difference that in this case almost all the
manufacturing error is corrected by calibrating the actuator position by the use of shims.
The R distribution (radial distribution) mean is equal to 0.2823 mm with a standard deviation of
0.1467 mm. As before, the R variation has a Chi-square distribution
Figure 27 shows the possible incidence 0 angles in which the actuator's axis and the R
distribution. As with R the expected angle 0 value is different to 0 and equal to 0.5882.
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Figure 27. Left shows R variation distribution. Values in mm. Right shows possible incidence angles
distribution. Values in degrees
The effect that this variation will have over the Blister to Actuator KC is to be determined by
Selvakumar [14].
5.3 Valve Solenoid Tip - Valve Seat DFC
As mentioned before, in this KC, its Z coordinate has no influence on delivering functions.
However, there are other factors that would be interesting to study such a pressure on the valve
seat. These factors were not covered in this work.
The VSM results for the Blister to Actuator KC are shown below. Table 6 and Figure 28 show the
values associated with this KC in X and Y coordinates.
Table 6. Valve Seat to Solenoid KC distribution data. Values in mm
Like in previous KCs, it is expected for the X and Y coordinates to have a 0 mean.
shows a 10,000 assemblies histogram of the KC's X and Y coordinates.
Figure 28 also
Mean Std Dev Kurtosis Skewness
X 0 0.1556 2.9263 -0.0184
Y 0 0.1713 2.8029 0.0102
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Figure 28. Left shows X coordinate distribution. Right shows Y coordinate distribution. Values in mm
Figure 29 shows the R distribution. The R expected value is equal to 0.2056 and
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Figure 29. R variation distribution. Values in mm
This KC shows very little variation and we can be confident that the valves will seal as intended.
This fact is based on the assumption that as long as the tip surface area fully covers the valve
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entry. This assumption should be tested to be confident of these results. Additionally, due to the
compliance of the solenoid tip, it is the author's belief that small angular misalignments (0 < 10)
won't have any influence on sealing. This hypothesis should also be validated.
5.4 Electric Connector - Gold Plated Pads KC
This KC has a unique characteristic which is that the Z plane is not located on the door frame.
This resulted in a shorter and more robust DFC. The results are shown in the Table 8.
Table 7.Electric Pads to Connector Pin KC distribution data. Values in mm
Histograms of X and Y KC dimensions are shown in Figure 30. Mean values of -1 mm and 0.9
mm for X and Y come from the KC nominal value.
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Figure 30. Left shows X coordinate distribution. Right shows Y coordinate distribution. Values in mm
The Z mean value of -0.667 mm comes also from the KC's nominal dimension. It is important to
note that the standard deviation for this DFC is more than half of the one seen for other KCs. This
Mean Std Dev Kurtosis Skewness
X -1 0.2521 2.9701 -0.0049
Y 0.9 0.2250 2.8171 0.0089
Z -0.667 0.2104 2.2424 0.0245
_WW
is a consequence of having fewer elements in the DFC, thus reducing the total
31 shoes a histogram the KC's Z value.
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Figure 31. Z value for Electrode Pads to Connector Pin KC
This KC is not a concern for the designer since a for X is equal to 0.25 mm. With pads width of 2
mm the probability of the producing a system in which the pin will not make contact is 4T or in
other words, there will be 1 system with this defect every 15,700.
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Chapter 6. Conclusion and Recommendations
The Daktari CD4+ Cell Counting System design meets all the mechanical requirements specified.
The systems is capable of delivering the flow it requires, open the waste vent seal (although this
feature requires some considerations), direct the reagents through the cartridge and make
electrical contact.
The electrical contact system design is robust and the compliance of the parts allows for error.
The valve design also shows robustness, although experiments should be done to determine what
the requirements for sealing are.
Nonetheless, there is room for improvement. The location of the XY plane by using Door Body is
made due to the forces applied by the actuator when pushing the blisters. This decision
compromise reliability and makes the design fragile. Much of the variability in manufacturing is
mitigated on the Blister to Actuator KC by the use of shims. The use of shims involves accuarate
measurement, calibration and correction of the offset by shims. All these translates to extra
process steps solution even though is effective; in a production scale could be costly.
Another proposed solution is the use of pressure sensor that would automatically calibrate the Z
position of the blister. This solution would also aid mitigate the manufacturing variation as long
as the sensitivity variation of the sensor is low. A cost compromise would also be done if this
design is chosen.
For the Waste Vent to Puncturing Pin KC, the high variability is not mitigated with either
shimming or pressure sensing. The effect of creating an over-constraint could have a negative
impact on the products quality perception. Also, the likelihood of going beyond the cartridge
would lead to an impact with the Door Body, making it difficult if not impossible to close.
A better alternative is to create a design that locates the XY plane using the door frame. This
would dramatically shorten the DFCs and reduce the standard deviation on the Waste Vent to
Puncturing Pin and Blister to Actuator from 0.5 mm to 0.2 mm. This solution might not be
possible.
Additional considerations are required for the actuator and solenoid assembly chassis. Features in
these components are separated by 0.25 mm on sheet metal parts. These pose a particular threat in
assembly. A technician could still be able to put these parts together but introducing a
misalignment on the solenoid subassembly compromising the valve performance. Redesign could
allow for ease of manufacturing and quality assurance.
Chapter 7. Future Work
7.1 Electrode Foils - Configuration Study and Process Analysis
Preliminary studies indicate that the presence of manufacturing defects on the electrodes does
affect repeatability and, hence, further study and optimization of the process is deemed necessary.
One possible strategy involves determining the effect of the defects and using this information to
optimize the final process. Another approach (that is more aligned with the process of
development) is to directly begin searching for alternate manufacturing processes that could
eliminate most, if not all, defects. If such a process were found, then experiments should be
performed to determine if repeatability is achieved. For example, it is believed that the use of an
'adhesion' layer could reduce the number of manufacturing defects.
Another useful exercise would be the design optimization of the electrode configuration (size,
shape and spacing of electrodes). It may be possible to optimize these parameters to produce a
more economical (less metallic material) and more robust design.
7.2 Functionalization Process Optimization
As seen in Section 2.3.1 .b, the process of depositing antibody on the electrode foil requires
attention to correct for improper coating. Various manufacturing processes (such as micro-contact
printing, masking, spray deposition) need to be explored to determine their capabilities. Finally, a
process can be selected and its parameters optimized for Daktari's specific requirements.
As mass production begins, the time taken for the functionalization process needs to be
optimized. It is currently perceived that this step will have the second longest processing time
after the injection molding process. A considerable reduction in processing time would lower
inventory levels at this step.
7.3 Injection Molding of the Backbone - Normalization Time Optimization
The actual time required for normalization of the injection molded parts must be studied
experimentally and this information needs to be used to optimize the process. Also, the tolerances
on the critical dimensions of the cartridge could be studied to determine if they can be widened
without sacrificing product performance- this would directly lead to a decrease in normalization
time.
7.4 Valve-Solenoid Interaction Robustness Study
Currently, the actual sensitivity of the valve-solenoids interaction to misalignments is not
precisely known. Experiments to determine this sensitivity should be performed. This information
can then be combined with the tolerance analysis of the valve-solenoid DFC performed in this
work, to confirm whether the interaction is robust or further design changes are required.
7.5 Effect of Imprecise Actuator Movement
The actuators that are used currently to push the blisters are quite precise. The effect of less
precise actuators (larger step size) on the flow rate performance of the blisters could be studied. If
satisfactory, these larger-step-size actuators would lead to significant decreases in product cost.
Unfortunately, large actuator steps tend to lead to high changes in flow rate (although the average
flow rate would be the same). However it may be possible to introduce a certain amount of
damping into the system to smoothen the flow.
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